Electronic supplementary material is available online at https://dx.doi.org/10.6084/m9. figshare.c.3878398.
Introduction
Flight is an energetically demanding method of locomotion. It is, therefore, natural to assume that there is a selective pressure to economize power usage during flight. There can be multiple optimization objectives, depending on the task at hand: maximizing flight duration on a given energy budget is the aim when, e.g., performing display flight [1] . In migration, or other longer flights, it may be more beneficial to minimize the power per distance travelled [2] . If it is of essence to arrive at the breeding grounds early to acquire a territory, time spent on migration is a reasonable currency to minimize. In all these examples, the optimization strategy leads to a choice of flight speed, which can be predicted based on how the power required to fly scales with flight speed. In the order mentioned, these are the minimum power speed (u mp ), maximum range speed (u mr ) and the optimal speed to minimize the time of migration (u mt ) (table 1) .
In vertebrates, the flight speed-power relationship is often modelled as a <-shaped curve, defined by a number of morphological and kinematic parameters. The model was first adapted to bird flight from aeroplane theory by Pennycuick [2, 3] , and its simplicity has allowed it to be ubiquitously used to, among other things, predict flight behaviour in migrating birds [4] . The flight speed-power relationship predicted from the model has, for bird flight, been qualitatively supported by empirical data [5, 6] . Some behaviours, such as responses to different wind conditions, can be predicted by qualitative aspects of the model alone (the < shape). A testable example of this is the prediction that individuals choosing to fly at u mr should increase their speed in headwinds and decrease it in tailwinds, while behaving unaffected by wind when selecting u mp [4] .
Although Pennycuick's model was originally created for vertebrates, the theory behind a <-shaped power curve is in fact very general, and could, in principle, be applied also to other taxa, such as insects. Female (but not male) Phoebis sennae migrating over the Caribbean Sea have shown behaviour consistent with a <-shaped curve: the butterflies decreased their speed in tailwinds [7] . However, measurements on flight power have qualitatively been in disagreement with such a model. As an example, metabolic measurements on bumblebees [8] describe a flat, almost horizontal relationship between power and speed. Additionally, a number of computational fluid dynamics (CFD) studies have suggested that the power curve in insects may be J-shaped, so that the power during hover is comparable to the minimum power (fruit fly [9] ; bumblebee [10] ). There are many reasons for why a simple model developed for vertebrate flight should not be suitable for insects, especially considering that flight at these small scales relies heavily on unsteady aerodynamics, which the model ignores [2] . An obvious example of such an effect is the leading edge vortex (LEV), which has been shown to contribute significantly to lift force in hawkmoths (Manduca sexta [11] ; Macroglossum stellatarum [12] ).
While not directly incorporating unsteady aerodynamics, several authors have modelled insect flight with more realistic wing kinematics than does Pennycuick's model, for example, using a blade-element approach [13] [14] [15] . The method divides the wing into strips with computations done separately for each element; in some cases averaging coefficients over the down-and upstroke. The result is in most cases an aerodynamic power that is similar in magnitude to that predicted by Pennycuick's model, but with different derived characteristic flight speeds. None of these models have, however, been empirically validated.
The hawkmoth, M. sexta is one of the species for which attempts at predicting aerodynamic power have previously been made [15] . Manduca sexta has long been a model species for studies in both sensory biology and flight mechanics due to its large size, stable flight and the ability to be trained to fly in place at a feeder. Both this and other hawkmoths have also been the focus of CFD studies. Together, this makes M. sexta an ideal candidate for evaluation of the power models. The wake generated by hawkmoths is to some extent unknown, but has previously been studied in tethered individuals with techniques of flow visualization using smoke trails [16] and two-dimensional particle image velocimetry (PIV) recording at approximately one frame per wingbeat [17] .
Our aims with this study were twofold: first, we wanted to investigate whether previous interpretations of the wake structure of M. sexta are reasonable. A wake is the flying animal's aerodynamic 'footprint', and as such carries information about how flight forces were produced. Visualizing the wake can therefore help to clarify the aerodynamic functions of the up-and downstroke as well as the different parts of the wings and body. We produced detailed reconstructions of the hawkmoth wake using a time-resolved three-dimensional flow visualization system (tomographic particle image velocimetry, or tomo-PIV). The moths were flying freely in a wind tunnel at air speeds between 1 and 3.8 ms
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, and the range of speeds investigated allowed for a second aim: we adapted a method (based on [18] ) for directly measuring the aerodynamic power, enabling us to evaluate whether any of the aforementioned simplified models can be used to accurately predict power output of insect flight, and hence serve as a tool to predict flight behaviour. The fact that a tomo-PIV system was used allowed us to acquire volumes of threedimensional velocity fields, from which we calculated the aerodynamic power as the rate of energy added to the air by the animal. While a similar computational method has been used with stereo-PIV data in [19] , the fact that we were able to measure three-dimensional velocity gradients allowed us to calculate aerodynamic power with greater accuracy.
Material and methods

Study species and training
Four newly eclosed M. sexta were acquired from the Swedish University of Agricultural Sciences in Alnarp, Sweden. After a few days of starvation, each moth was moved to the lowturbulence Lund University wind tunnel (described in [20] ), where experiments were immediately started. In the centre of the test section, an artificial blue flower was placed, which provided the moths with a 15% honey solution, scented with lavender oil. This allowed us to control the moths' flight position in the wind tunnel. All experiments were conducted in dim light, comparable with conditions at dusk. Air speed in the wind tunnel was set to 1, 2, 2.8-2.9 and 3.8 ms
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, as we wanted to investigate speeds both lower and higher than the preferred speed of the species (3 ms 21 [21] ). At 3.8 ms
, the animals had obvious difficulties flying stably at the feeder; hence no measurements at higher speeds were possible.
Two of the moths were eliminated from the dataset, as they did not generate data for all flight speeds in the range. During experiments, one individual damaged its wings to such a degree that it could not complete flight at all speeds. The wakes of a second individual were not completely captured at 1 and 3.8 ms
, due to a suboptimal vertical placement of the moth. The dataset hence consists of data from two moths, M1 and M2.
Experimental set-up 2.2.1. Tomographic PIV
To visualize the wake vortices and from them measure flight forces and power output, we used a tomo-PIV system (LaVision GmbH) consisting of a 527 nm Nd-YLF double-cavity laser (Litron Lasers Ltd, model LDY304PIV) and four high-speed cameras (Imager Pro HS 4, 2016 Â 2016 pixels) (figure 1). The system was seeded with a mist of di-ethyl-hexyl-sebacat smoke fluid and run at a 640 Hz repetition rate. A 14 mm thick illuminated volume was produced by letting the relatively focused laser beam bounce between two 100 Â 100 mm 2 mirrors to build up the height of the volume. PIV analysis was done in LaVision DaVis 8.15 by preprocessing (subtract sliding minimum, normalize with local average, Gaussian smoothing and sharpening), reconstructing the particles in three-dimensional space (fast MART algorithm, four iterations, resulting in approximately 220 Â 3000 Â 1800 voxels), correlating the two reconstructed volumes (window size stepwise decreasing from 96 Â 96 Â 96 to 48 Â 48 Â 48 voxels with 75% overlap) and vector post-processing (3 Â 3 Â 3 smoothing). The resulting vector fields consisted of approximately 18 Â 220 Â 125 vectors, corresponding to a volume of roughly 13 Â 160 Â 90 mm 3 . For all further analyses, custom Matlab (R2014a, Mathworks) and R (v. 3.2.5, R Development Core Team) scripts were used. A right-handed coordinate system was defined where x and y were, respectively, parallel and perpendicular to the free-stream direction and z parallel to the gravitational axis (figure 1). We define u, v and w as the velocities in x-, y-and z-directions, respectively.
As the moths reacted to the laser light after approximately 2-4 wingbeats (clearly visible in the wake visualizations), only the first, stable wingbeats of each recorded sequence were used in subsequent analyses. In all analyses, an average value for all stable wingbeats in a sequence was used as an observation. The start and end frame of a wingbeat was defined by visual inspection of iso-surfaces of vorticity magnitude. To ensure that only stable wingbeats were used, while at the same time allowing for potential weight changes due to feeding during experiments, we excluded wingbeats where weight support was less than 85% or greater than 115%. In the most extreme individual, the average weight range during all flights was +12%. To avoid losing these data points when setting an acceptable weight support range, we had to set the limit to at least +12%, and hence it was 'rounded up' to +15%. This resulted in 152 wingbeats, or 84 data points.
Kinematics
Simultaneously with the PIV measurements, the kinematics of the flying moths were recorded with two high-speed cameras (HighSpeedStar 3, 1024Â 1024 pixels, 640 Hz). Four points (front and back of the body, wing base and wing tip) were manually digitized in four wingbeats for each individual and flight speed. estimate body angle (b) as well as stroke plane angle (u) and wingbeat amplitude (A). In addition, one frame per individual where the wings were maximally outstretched was used to estimate the wing area, wing span and local chord, in 100 steps, along the wing. The measured kinematic and morphological parameters (table 2) were subsequently used as input in the aerodynamic power models (equations (2.5)-(2.8)). Body angle was only used to graphically determine the body drag coefficient (C D,body , for use in equation (2.6)) from [15] . C D,body ranged between approximately 0.25 and 0.35, but due to the variation in body angles and the non-exact way of determining the corresponding C D,body , we opted to only use an intermediate value (0.3) in subsequent calculations. In the worst case scenario, when the drag from the body is largest relative to the total drag (3.8 ms
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, the other power components at their minimum for this speed), a change in C D,body of 0.05 causes a 2% change in total power.
Stroke plane data were used for profile drag (P pro ) calculations (equation (2.7)), to determine the relative air speed flowing over the different sections along the wing (u r ). We assumed span-wise flow to be a negligible component of (P pro ), and thus only measured stroke plane and amplitude in the xz-plane. Both parameters displayed a linear relationship with flight speed (table 3) , and the linearly fitted data were used in the calculations, as this allowed for a continuous equation.
Wingbeat frequency ( f ) was determined from the PIV data. Regressions showed that while M2 did not linearly vary its frequency with speed (
However, as we preferred to model frequency in a similar way in both individuals, we used the average value over all speeds for each moth in further analysis (table 2) . For M1, this resulted in a predicted power difference never larger than 1.8%, when compared to a model using a linearly increasing frequency.
Measuring aerodynamic power and lift
For each wingbeat we calculated aerodynamic power (P) and lift (L). As the tomo-PIV generated three-dimensional vector fields, we could calculate vorticity and velocity gradients directly in each measurement volume, instead of relying on pseudovolumes, as is required with stereo-PIV data. Lift was then calculated by evaluating the following integral in the centre plane of each volume:
where r is air density and v x is vorticity in the stream-wise direction [22] . This equation is obtained from integrating the Navier -Stokes equations over a control volume surrounding the object of interest in the flow (e.g. [23, 24] ), assuming that all but the Trefftz-plane sides have zero perturbations from the free-stream flow. The first term is the most dominant term. A simplified form of this term has frequently been used in animal flight literature for estimating the lift force of a pair of trailing vortices (e.g. [25] ). The second term in the equation takes into account variation in the stream-wise flow. This term is commonly ignored, assuming a relatively uniform streamwise flow, but it can be significant at the low flight speeds of animals [22] . Lift was only used for weight support calculations, as a condition for excluding data points from further analysis. Power was defined as the rate of kinetic energy (E) added to the wake during a wingbeat. As the PIV volume was thinner than the wavelength of one wingbeat, pseudo-volumes were constructed by stacking the centre plane of each volume in a sequence, and defining dx ¼ dt Â u 1 , where dt is the time between subsequent frames and u 1 the free-stream velocity. After subtracting u 1 from the velocity field, to only use the fluctuations in the stream-wise direction, P was calculated (following [18] ) as follows:
ð2:2Þ
where t is the normalized time during a wingbeat and f is the wingbeat frequency. Equation (2.2) follows from a derivation similar to that of equation (2.1), but instead of flow of momentum, it is applied to the flow of energy. The full derivation was described by Drela [18] . The original equation includes a pressure term, but this was found to be negligible when measuring in a Trefftz plane .0.4 wingspans downstream from the wing [18] . As our measurement plane was approximately one wingspan away, the pressure term was omitted. While vorticity (v) was confined to our measurement volume, induced airflow was not. As the kinetic energy method depends on finding all velocity added to the air by the animal, we extended the velocity field to the edges of the wind tunnel before evaluating the integral. The extension was performed using a technique similar to [19] , which takes advantage of the fact that, for an incompressible fluid, velocity can be calculated from the stream function (c) as
ð2:3Þ
The stream function relates to the vorticity field by the Poisson equation:
The spatial domain of the vorticity field was enlarged from approximately 0.1 Â 0.1 m 2 to an area equal to the wind tunnel cross section (1.05 Â 1.05 m 2 ); the out-of-view sections were assumed irrotational. To reduce computational cost, we used FFT versions of the equations, with the wake of a full wingbeat periodically repeated. This method requires a volume of one full wingbeat, which was not obtained with our tomo-PIV measurements. Therefore, equation (2.4) was solved using pseudo-volumes of vorticity (calculated from the true threedimensional velocity fields). These were constructed by stacking the centre plane of each volume in a sequence, and defining dx ¼ dt Â u 1 , where dt is the time between subsequent frames and u 1 is the free-stream velocity. After obtaining the full velocity field for the whole wind tunnel, we replaced, in the central part of the volume, the calculated values with the measured values to increase accuracy. To investigate whether noise in the data was amplified by the method, and thus potentially affecting our results, we also calculated the power from free-stream vorticity fields. These sequences were recorded with the feeder in place, and the measured value is thus a combination of the effects of noise and feeder drag. For all speeds the power was less than 1% of the average power produced by a moth, and in some cases as little as 0.1%.
Modelling aerodynamic power
In addition to the lift force, which keeps it airborne, a flying animal always produces drag (D). One element of this, the induced drag (D ind ), is a direct consequence of producing lift with a finite wing, and scales with the inverse square of the flight speed. The wings and body of the animal will also generate form and friction drag, and these components-the profile drag (D pro ) and parasite drag (D par ), respectively-scale with the speed squared. To balance the drag, an opposite force, thrust (T ), is required. This force requires power (which comes from flapping the wings) to be generated and can simply be calculated as drag multiplied with airspeed. We can, therefore, predict that the power required to fly is a sum of one component that scales inversely with air speed (induced power, P ind ) and two that scale with the cube of
While P ind and P par can be rather straightforwardly modelled, calculating P pro of flapping wings is significantly more complex, as the drag on the wings vary throughout the wingbeat and depends on kinematics, wing shape and wing deformations. As a simplification, Pennycuick [2, 3] modelled the profile drag as constant over a small range of cruising speeds, approximately between u mp and u mr , justified by the assumption that the profile drag coefficient (C D,pro ) should decrease when flight speed increases. However, this invalidates the model outside of this range of speeds. The blade-element approach instead uses more realistic kinematics, but requires an estimation of C D,pro , which can be very difficult to measure. We see that C D,pro affects power mainly at high speeds, and an underestimation of this coefficient will result in a slower increase in power with increased flight speeds and vice versa.
Contrarily, the induced power factor (k), a coefficient used to compensate for departure from the ideal case of an elliptic lift distribution and an associated constant downwash along the wing span, mainly affects power at low speeds, with high k resulting in a sharper decrease in power at speeds , u mp . The default value of k in Pennycuick's model for vertebrates is 1.2 [26] , but it has recently been estimated to 2.2 in M. sexta [21] . We used this range of k-values, together with estimates of C D,pro from [15, 27] , to form an envelope of possible power curves based on observed kinematics and morphology. In [15] , C D,pro was measured on fixed wings in a wind tunnel. The coefficient was not constant across speeds, but we have here used its average value (over speeds and individuals) for all flight speeds in our model, as the variation was large and did not follow a simple analytical function.
While more complex, and perhaps more realistic, power models have been developed [28] , we are here investigating if the classic simple models are a good approximation in insect flight, and are therefore only comparing our data with Pennycuick's model and a slightly modified averaged blade-element model.
To model the power, we calculated its three components: induced power (P ind ), parasite power (P par ) and profile power (P pro ), as follows:
where u is the air speed, k is the induced power factor, W is the weight of the moth and b is the wingspan. This equation uses a low-speed correction by Glauert [29] to remove the unreasonable effect that power is infinitely high at zero flight speed, sometimes present in calculations of P ind .
where S b is the body frontal area and C D,body is the body drag coefficient.
where r is the radial position (0-R) along the wing, c(r) is the local wing chord at r, C D,pro,d and C D,pro,u are the average profile drag coefficients during down-and upstroke, and u r,d and u r,u are the average relative air speeds along the moving wing during down-and upstroke, respectively. In Pennycuick's [2, 3] vertebrate model, profile power is calculated as follows:
where P am is 'absolute minimum power', calculated as the sum of P ind and P par at u mp , and AR is the aspect ratio of the wings.
The other two power components are identical to those of the blade-element model. Both models follow the general speed relationship
ð2:9Þ
We fitted this general form to our measurements of aerodynamic power. We then compared this model to fitting a straight line. In this way, we could evaluate whether a <-shaped curve is a better fit for the data. The fits were judged based on their R 2 value and the model-choice criterion AICc ('AICc' from the R package AICcmodavg [30] ). This criterion penalizes complexity in a model, and the model with the lowest AICc value is considered to be the best choice. From the best fits, the blade-element model (average of 100 Â 100 steps over k and C D,pro ) and Pennycuick's model the characteristic speeds, u mp and u mr , were calculated.
Results
Vortex wake topology
At all speeds measured, the most prominent feature of the vortex wake of M. sexta was a pair of strong tip vortices, sometimes accompanied by much weaker root vortices during the first half of each half-stroke (figure 2a). The root vortices, spinning in the opposite direction of the same-side tip vortex, reflect a decrease in lift over the body. Root vortices occurred at speeds from 2 ms , occasionally connected by one or more vortices shed from over the body and aligned in the span-wise direction (figure 2a). While the wake was superficially similar at all speeds investigated, some speeddependent patterns could be discerned upon visual inspection, using the iso-surface of constant Q-value [31] (see electronic figure S1 ). First, vortex structures were generally more distinct at higher speeds. At the lowest speed, 1 ms
21
, vortices were so diffused that no closed vortex loops could be observed. Secondly, the upstroke tip vortices seemed to increase in strength at higher speeds. While the moths at 1 ms 21 (and, occasionally, at 2 ms
) often appeared to have an aerodynamically almost inactive upstroke, most sequences at 2.8-3.8 ms 21 showed clear tip vortices throughout the whole wingbeat. As can be seen by the wing tip path in figure 3 , the upstroke cuts through the air in an arc that is almost vertical at 2.9 ms
. As the tip vortices during upstroke are of the opposite sense to those of the downstroke, and because of their vertical alignment, they relate to a production of thrust through a backward directed jet (figure 2c). However, at the end of upstroke the arc has become more horizontal, and the vortex pair induces an upwash, reflecting a downward-directed force (figure 2b).
As our experiment was conducted using a tomo-PIV system, we were able to capture the three-dimensional [15, 27] rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170372
properties of the wake vortices. While often imagined as smooth cores of vorticity, the tip vortices instead consisted of several intertwined vortices. This was most clear at 1 ms
, but can also be seen in figure 2a . At times, the tip vortex appeared as one larger core entwined by one to three smaller vortices, at other times as two to three similar-sized cores.
Power
Measured power values for the two moths are presented in figure 4 . Although the data points show some variation, the majority of the values for both individuals lie within the range predicted by the blade-element model. The best fits for the two individuals are shown in figure 4 . As can be seen in table 5, the <-shaped curve (equation (2.9)) explains a higher amount of the variation, and has a lower AICc value, than the straight line for both moths, verifying that the power-speed relationship is <-shaped for these individuals.
As can be seen in table 6, the curves fitted to the data and the average blade-element model predicted similar characteristic flight speeds (data fit: u mp ¼ 2.2-2.7, u mr ¼ 3.7-4.7; model: u mp ¼ 2.4, u mr ¼ 3.6), while Pennycuick's model yielded notably higher characteristic speeds (u mp ¼ 3.9, u mr ¼ 6.6).
Discussion
Vortex wake topology
Improved quality of PIV measurements revealed previously undescribed vortex structures. We found multi-cored tip vortices, of which the origin is difficult to determine (but see [32] for a suggestion). From qualitative analysis of the wake structures we could also infer that the moths produced a downward force during the late upstroke at higher flight speeds, which contrasts with previous studies [15, 16, 33] . While visualizations of the vertical flow (figure 2b) clearly show an upwash (reflecting a downward force) at the later stages of the upstroke, previous interpretations of smoke visualizations [16] , force calculations [15] and CFD [33] (the latter two based on kinematics data from [34] ) have instead come to the opposite conclusion: that lift is being generated. As it is sometimes not possible to judge the sense of rotation from smoke visualizations, it can, in those cases, be difficult to separate the two options.
Our data show that, apart from the obvious function to relocate the wing to the start position of the next downstroke, the main role of the upstroke is to produce thrust at higher flight speed. At 1, and sometimes 2, ms 21 , the wake lacks, or has very weak, upstroke vortices, and thrust is therefore mainly generated during downstroke. There is no production of downward force during the upstroke at these speeds. This makes intuitive sense: at higher speeds the drag is higher, so the demand for thrust increases. At the same time, it is easier for the animal to produce lift at higher speed, and so the negative weight support produced during the upstroke may not be a problem at these speeds.
When comparing the wake topology to that of other animal groups, it can be noted that a similar pattern to that of M. sexta has been found in bats [35] . At speeds above a certain threshold (3 ms 21 ), the outer part of the bat wing forms a small vortex loop that reflects a downward force during late upstroke. Similar to our study, this is not found at low speeds in bats. Manduca sexta has been extensively studied in hovering flight, and in an early paper Weis-Fogh [36] proposed that it performs what the author defines as 'normal hovering', which essentially is equivalent to a symmetrical wingbeat where each half-stroke contributes equally to weight support. The same conclusion was drawn by Casey [37] , but a later kinematics study found M. sexta to have an asymmetric wingbeat, with, on average, 42% more time spent on the downstroke [34] . In line with Weis-Fogh's [36] results, several studies [15, 16, 33] have concluded that the upstroke is significantly contributing to weight support in M. sexta, in some cases even more than the downstroke [15] . In contrast with these studies, we found no support for an aerodynamically active upstroke at the lowest speeds. While we did not study hovering flight directly, the fact that the upstroke vortices become less strong when flight speed decreases, and are in fact almost absent at near-hovering, suggests that force production during hovering is highly asymmetric between the half-strokes and that weight support is mainly produced during downstroke. This is similar to the asymmetric hovering found in, e.g. dragonflies and hoverflies [38] , as well as hummingbirds [39] . However, we do not exclude the possibility that some information about the wake topology during upstroke may be lost if the wing cuts back through the previously shed wake at very low flight speeds.
Power
Our results show that the classical <-shaped power curve is a reasonable qualitative description of the flight speed -power relationship in, at least, some insect taxa. Comparing this to the multiple J-shaped power curves that have previously been found in other insects, it is interesting that a species rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170372 that is highly dependent on hovering for its foraging (the proboscis does not extend when the wings are at rest) is the first to show indications of low speeds requiring higher power than intermediate speeds.
In a previous study of hawkmoth flight, M. sexta displayed a preference for flight speeds of approximately 3 ms 21 when flying freely in a room [21] . Our predictions place this speed between u mp and u mr . The moths in our study were not able to fly at higher speeds than 3.8 ms 21 without crashing, and similar behaviour has been shown in previous studies (e.g. [40] ). However, we do not exclude the possibility that individuals in the wild could fly faster, as this is typically the case for wind tunnel studies with free-flying animals. Even though the characteristic flight speeds that were derived from the data correspond rather well to these two observations, the speeds varied somewhat between the two individuals. This could represent true differences in the flight and morphology of the moths, or be an artefact due to the limited number of data points for, especially, M2 at 3.8 ms
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. The flight speed predictions based on the blade-element model (equations (2.5)-(2.7)) were similar to those calculated by the experimental data. However, the range of possible speeds that could be predicted by varying these two parameters showed that the model is quite sensitive to parameter values. Pennycuick's model (equations (2.5), (2.6), (2.8)), which was only used with the default parameter value of k ¼ 1.2 (C D,pro is not explicitly in the model), predicted significantly higher flight speeds than both the experimental data and the blade-element model. The difference in curve shape and predicted flight speeds between the two models is due to the different scaling of profile power with air speed (blade-element: P/u 2.523 , Pennycuick: P/1), which in turn is caused by different assumptions on how C D,pro is affected by flight speed. In our blade-element model, we use the range between a constant C D,pro and one that scales with u 21/2 (table 4), while Pennycuick's model assumes that C D,pro scales with 1/u 3 and thus fully compensates for the u 3 factor in the P pro equation. As Pennycuick's approximation of a constant profile power originates from studies on birds, for which this component appears to be relatively constant over cruising speeds [26] , it is unsurprising that the blade-element model predicts flight power more accurately for hawkmoths. In addition, Pennycuick's model is only valid between u mp and u mr , a range which starts at the maximum air speed at which our moths were able to fly stably. For these reasons, this model is probably not a good choice for modelling insect flight. It should be remembered that both models used here, including the C D,pro estimations, are based on quasi-steady-state metabolic power P met 406 mW [43] mechanical power P mech 39 mW (muscle 21%) [44] 63 mW (muscle 34%) [44, 46] heat aerodynamic power P aero 23 mW [this study] for values calculated from P mech and P acc , see figure 6 inertial power P acc 34 mW [45] 66 mW [15] 76 mW [37] profile power Figure 5 . Pathway of energy expenditure in a flying M. sexta with a body mass of 2.1 g (the average mass of our two individuals), modified after [37] . Includes estimates of power components from hovering M. sexta [15,37,43 -45] . Estimates for flight muscle ratio from [44] (M. sexta) and [46] (Manduca sp.). The value from this study is for flight at 1 ms 21 .
rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170372 aerodynamics. How would the presence of a LEV affect our conclusion that M. sexta has a <-shaped power curve? It is likely that an LEV would cause C D,pro to increase, as the vortex creates additional drag on the wing [41] . This would make the < shape more pronounced. As LEV is a lift-enhancing effect most useful at low speeds [13, 42] , one would imagine that C D,pro is higher at low speeds, while close to steady-state values when the flight is faster, resulting in a flatter curve. However, the LEV in M. sexta has previously been found to be similar in size at all speeds [11] , and even increasing in size with flight speed [16] . Therefore, using unsteady values of C D,pro would probably not change the prediction of a <-shaped power curve with a rather small span of predicted characteristic flight speeds. Owing to experimental restrictions, our moths were feeding at all flight speeds, which may not be completely natural for the species. In the wild, flying at high speeds may require less manoeuvring than during our experiments, which could lead to lower power consumption. This would, in turn, cause the predicted u mr to be slightly higher than our estimations. However, we attempted to minimize this problem by discarding wingbeats that, in the wake visualizations, showed signs of unsteadiness due to manoeuvres. The comparatively high power at near-hovering is probably realistic, as the set-up more correctly mimics natural conditions in this case.
Energetics
Power is used for several aspects of an animal's flight. In this study, we measured specifically the aerodynamic power (P aero ) added to the air to keep the study subject airborne. However, power is also needed for acceleration and deceleration of the wings (inertial power, P acc ). For this, the flight muscles need to be activated, which uses mechanical power (P mech ). Ultimately, all power must come from chemically stored energy, and the rate at which this is depleted is termed metabolic power (P met ).
We estimated that our study subjects expend approximately 20 mW of aerodynamic power (P aero ) when flying (average of the full dataset). Does this make M. sexta an efficient flyer? That question can only be addressed by considering other aspects of the animal's energy budget. A simplified pathway of the energy flow is presented in figure 5 , using estimates from previous studies of hovering M. sexta to compare with our data for flight at 1 ms
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. From this it can be seen that the total flight efficiency (E tot ) is approximately 5-6%, assuming previous estimations of P met [43] are reliable. The corresponding value for birds and bats has been estimated to be 3-33% [47] and 5.6-15% [19, 48] , respectively, making hawkmoth flight relatively inefficient in comparison.
In vertebrates, E tot is usually equated with the mechanical efficiency of the flight muscle (E mech ¼ P mech /P met ), as P acc is most often considered negligible (e.g. [2] ). For insects, however, P acc is a significant portion of the energy budget. In theory, an insect could make its flight more efficient by storing the negative power from the deceleration as elastic energy to use during the next acceleration phase, a mechanism which has both been proposed to be important [49] and of no benefit [50] to hawkmoths. Alternatively, it can be transformed to aerodynamic power or simply dissipate as heat. Dickinson & Lighton [51] proposed a formula for calculating how the negative power should optimally be used, assuming a varying capacity of elastic storage. After estimating P aero and P acc from kinematics and morphology of tethered Drosophila, the authors calculated the resulting P mech , which decreased with an increase in storage capacity. Figure 6 shows how the formula instead can be used with estimations of muscle mass-specific P mech , ratio of muscle mass to body mass and P acc available in the literature (as we lack these data for our own specimens) to solve for P aero . The calculated aerodynamic power is then compared to our measured data for 1 ms 21 ( possibly an underestimation of the hovering power). Here, the aerodynamic power has to decrease when elastic storage capacity is low, because we assume a constant P mech . The predicted lines overlap our measured data only in the cases where the muscle ratio ¼ 21%, and thus we can draw the conclusion that it is likely that M. sexta has a muscle ratio in the lower end of the range 21-34%. Additionally, in no case within the range of our data does M. sexta profit from elastically storing more than 35% of the negative power generated from the deceleration. Finally, it should be noted that it is not clear whether flight efficiency is constant over flight speeds. Should this not be the case, we cannot expect the flight speeds predicted by the power curve to be used in nature. However, Hedrick et al. [40] have recently estimated the response to flight speed in the relative timing of activation of two flight muscles (DLM (dorsolongitudinal) and DVM (dorsoventral)), something that has previously been shown to affect power input in M. sexta. In their study, the normalized activation phase of DVM displays a <-shaped response to flight speed, with a minimum value at 2 ms
. This agrees with the notion that power input and output follow the same pattern, and that the relative effort the animal has to expend can be accurately predicted by aerodynamic theory. muscle ratio = 21% Figure 6 . P aero during hovering predicted from P mech assuming different P acc from the literature (dashed lines: P acc ¼ 16. , [44] ), the ratio of muscle mass to body mass, estimated to two different values (m muscle /m ¼ 21%, [44] ; m muscle /m ¼ 34%, [46] ) and average body mass of our two moths (m ¼ 2.1 g). Equations from [51] were used for the calculations, solving for P aero . For comparison, the grey band shows the total aerodynamic power at 1 ms 21 from this study (mean +2 s.d.). All values were measured or calculated for hovering M. sexta, except [46] , in which an unspecified Manduca species was used.
Benefits of using tomographic particle image velocimetry
Calculating aerodynamic power based on measurements of the full three-dimensional velocity field can be a particularly useful method when studying insects and other slow-flying taxa. While similar to the approach previously taken by von Busse et al. [19] , the method we have used in this study removes from the power and lift equations the assumption that the free-stream air speed dominates the flow in the x-direction (a uniform flow is however still assumed when stacking the PIV planes). Our improved knowledge about the free-stream flow allows for an added term to the equations: (1) Ð y(w@u=@y À v@u=@z) dS, (2) u/u 1 . As can be seen in figure 7 , flow fluctuations generated by the animal average almost 30% of the free-stream speed at 1 ms
21
. Using this method with only information about the fluctuations in y and z-as is the case with conventional stereo-PIV set-ups-consequently causes a systematic underestimation of the power required to fly at low speeds, and thus a qualitatively different power curve.
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